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The  effect  of  impurities  on  the  degradation  of  performances  was  investigated  for  the  flatten  tube  type 
SOFC  stack.  The  durability  tests  of  20-cells  stack  were  conducted  at  750  °C  (1023  K)  with  dry  H2  for  more 
than  5000  h  under  a  constant  current  density  of  0.3  Acnrr2.  The  voltage  loss  showed  a  linear  relationship 
between  voltage  loss  and  operation  time  (about  1.5%/1000  h).  The  ohmic  resistance  increased  with  opera¬ 
tion  time  while  the  polarization  resistance  showed  constant  values.  After  the  long-term  operation  test,  the 
concentration  levels  of  impurities  were  measured  at  cathode  and  interlayer  by  secondary  ion  mass  spec¬ 
trometry  (SIMS).  The  concentrations  of  several  elements  were  successfully  determined  in  ppm  levels.  The 
concentrations  of  several  elements  increased  with  operation  time  (Na,  Al,  Si,  and  Cr),  which  suggested 
the  transports  and  depositions  on  the  cell  component  surface.  The  increase  of  resistance  and  impurity 
concentration  at  the  interlayer  were  estimated  from  the  literature  data  and  SIMS  impurity  analysis. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  order  to  operate  solid  oxide  fuel  cells  (SOFCs)  for  long-term 
with  stable  performance,  the  degradation  factors  must  be  clarified 
at  component  materials  and  interfaces.  Among  many  degrada¬ 
tion  factors,  several  authors  pointed  out  that  impurities  in  the 
components  (raw  materials)  can  affect  the  degradation  of  per¬ 
formance  and  long-term  stability:  impurities  could  condense  at 
anode/electrolyte  interface  during  operation  (such  as  Si  and  alka¬ 
line),  and  they  increased  the  polarization  resistance  [1-4].  In  other 
cases,  some  authors  reported  the  degradation  by  impurity  gases, 
which  could  deposit  and  react  with  the  cell  components:  Cr  poi¬ 
soning  is  a  typical  phenomenon  by  the  supply  of  impurity  gases 
[5,6].  Several  poisoning  elements  (H2S,  CH3SH,  COS,  Cl2,  and  silox- 
ane)  have  examined  at  anode  [7].  Degradations  of  single  cells  by 
the  impurities  were  well  determined  with  sensitive  analysis  of 
electrochemical  measurements.  However,  only  a  few  data  are  avail¬ 
able  on  the  concentration  levels  of  impurities  in  real  stacks,  and 
effects  of  those  impurities  on  the  degradation  have  not  been  clari¬ 
fied  yet.  The  present  study  aims  to  clarify  the  effects  of  impurities 
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of  gases  (air  and  fuels)  on  the  degradation  of  performances  for 
real  stacks.  Because  the  stacks  are  composed  of  several  kinds  of 
outer  components,  the  degradation  should  also  be  considered  for 
the  impurities  from  them  (outer  components:  gas  manifold,  ther¬ 
mal  insulating  materials,  metallic  gas  supply  pipes,  etc.).  To  clarify 
the  effect  of  impurities  on  the  degradation  in  real  SOFC  stacks,  the 
SOFC  reliability  project  has  been  initiated  under  the  SOFC  system 
development  project  by  the  New  Energy  Development  Organiza¬ 
tion  (NEDO),  Japan  in  2005-2008.  The  durability  of  four  different 
types  of  stacks/modules  (100  W-l  kW)  was  examined  under  con¬ 
stant  current  density  with  an  operation  time  of  5000-10,000  h 
[8-10].  After  the  long-term  durability  tests,  the  chemical  reaction 
was  especially  investigated  at  the  cell  components  and  interfaces 
of  different  materials. 

To  detect  the  concentration  levels  of  impurities  (less  than 
1000  ppm)  and  reaction  products  in  the  cell  components  after  long¬ 
term  operation,  secondary  ion  mass  spectrometry  (SIMS)  technique 
has  been  applied  to  the  samples  of  real  stacks.  We  succeed  in  deter¬ 
mining  the  concentration  levels  of  several  impurity  elements  at 
each  cell  component  for  four  types  of  stacks/modules.  Some  key 
phenomena  associated  with  cell  degradation  were  extracted  from 
the  impurity  level  analysis  [9,10]. 

In  this  report,  effects  of  concentration  levels  of  impurities  on 
the  degradation  of  performance  were  examined  at  the  flatten  tube 
type  stack  (some  100  W  stack).  The  concentration  levels  of  impurity 
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Fig.  1.  Schematic  diagram  of  flatten  tube-type  SOFCs.  (a)  Schematic  diagram  of  20  cells  stack,  (b)  single  cell,  (c)  schematic  drawing  of  single  cell. 


were  compared  with  different  operation  times  (for  24-8000  h)  at 
cathode  and  interlayer.  Some  key  impurity  elements  and  related 
degradation  factors  were  considered  by  assuming  a  model  between 
impurities  and  resistance. 

2.  Experimental 

2.1.  Sample 

The  flatten  tube-type  stack  was  made  by  Kyocera  Corporation 
Ltd.,  Kagoshima,  Japan.  Fig.  1  shows  a  schematic  diagram  of  flatten 
tube  stack  (a),  single  cell  (b),  and  schematic  drawing  of  cross- 
section  of  single  cell  (c).  The  stack  is  composed  of  20  single  cells 
with  electrically  in-series  connection.  In  the  single  cell,  porous  Ni- 
oxide  mixture  (cermet)  is  the  supported  tube  with  fuel  flow  holes. 
On  the  supported  tube,  a  thin  porous  Ni-Zr02  anode  was  coated 
on  the  surface.  Over  the  anode  layer,  a  thin  Y203 -stabilized  Zr02 
(YSZ)  electrolyte  and  LaCr03  interconnect  were  coated  with  dense 
structures.  On  the  dense  YSZ  electrolyte,  Ce02 -based  interlayer 
was  coated  to  avoid  chemical  reaction  between  YSZ  and  cathode 
materials.  Over  the  interlayer,  porous  LaFe03 -based  cathode  was 
fabricated. 

2.2.  Long-term  durability  test 

The  durability  test  was  conducted  under  a  constant  current  den¬ 
sity  (0.3  A  cm-2)  at  750  °C  (1023  K)  for  more  than  5000  h.  The  fuel 
was  dry  FI2  with  a  fuel  utilization  of  75%,  while  air  was  supplied  as 
an  oxidant.  The  voltage  value  was  measured  as  a  function  of  oper¬ 
ation  time,  and  the  decrease  rate  of  voltage  was  calculated  from 
the  initial  value  of  voltage  (decrease  rate  %:  (E°  -E)/E°  x  100,  E  is 
the  measured  voltage,  E°  is  the  initial  voltage).  To  determine  the 
ohmic  resistance  and  polarization,  AC  impedance  analyses  were 
performed  for  single  cell. 


2.3.  Impurity  analysis 

After  the  long-term  operation  test  under  constant  current  den¬ 
sity,  the  concentration  levels  of  impurities  were  measured  by  SIMS. 
We  selected  Cs+  or  02+  as  a  primary  beam  and  the  secondary  nega¬ 
tive  or  positive  ions  were  measured  as  a  function  of  sputtering  time. 
The  acceleration  voltages  of  primary  ions  were  set  as  10-12.5  kV 
with  primary  beam  current  of  10-50  nA.  To  determine  the  con¬ 
centration  of  impurities,  calibration  curves  of  concentration  were 
made  between  the  secondary  ion  signal  intensity  and  correspond¬ 
ing  concentration  of  each  element.  The  exact  concentration  levels 
were  determined  from  the  relative  sensitive  factors  of  each  element 
by  using  standard  materials. 

3.  Results 

3.1.  Long-term  durability  test  of  flatten  tube  stack 

Fig.  2  shows  voltage  change  of  flatten  tube  stack  under  constant 
current  density  (0.3  A  cm-2 )  at  fuel  utilization  of  75%  (dry  H2  flow). 


Time/h 

Fig.  2.  Voltage  change  of  20-cells  stack  under  constant  current  flow  ( negative  values 
are  voltage  loss  from  the  initial  value). 
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Long-term  durability  test  of  flatten  tube  single  cell  (at  J=  0.3  Acrrr2) 
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Fig.  3.  Voltage  change  of  single  cell  under  constant  current  flow  (negative  values 
are  voltage  loss  from  the  initial  value). 


The  Y-axis  indicates  the  voltage  change  rates  from  the  initial  val¬ 
ues  (-(E°  -E)/E°  x  100,  E  is  the  measured  voltage,  E°  is  the  initial 
voltage).  The  negative  value  indicates  the  decrease  of  voltages  from 
the  initial  values  (that  is,  the  degradation  of  stack  voltage  from  the 
initial  value).  The  voltage  loss  shows  linear  decrease  trends  with 
time  for  both  two  stacks,  which  suggests  the  continuous  increase 
of  resistance  during  operation.  The  average  voltage  degradation  rate 
was  calculated  to  be  1.5-1.6%/1000h  in  these  stacks. 

To  clarify  the  degradation  of  stack  performance,  the  impedance 
analyses  were  examined  for  single  cells  under  constant  current 
density.  Fig.  3  shows  the  change  of  the  terminal  voltage  for  sin¬ 
gle  cell  (diamond  symbol),  the  ohmic  resistance  (square  symbol), 
and  the  polarization  resistance  (triangle  symbol)  under  constant 
current  density.  The  ohmic  resistance  and  polarization  resistance 
was  converted  to  the  voltage  under  constant  current  density 
C/  =  0.3  A  cm-2).  Thus,  an  increase  of  voltage  indicates  the  increase 
of  resistance  at  each  component  under  a  constant  current  density. 
The  ohmic  resistance  increases  with  time  while  the  polarization 
resistance  shows  constant  values.  It  is  suggested  that  the  terminal 
voltage  loss  was  mainly  ascribed  to  the  ohmic  resistance  increase. 
This  ohmic  resistance  increase  can  be  due  to  the  formation  of 
high  resistance  materials  in  the  components  and  at  the  interfaces. 
The  increase  of  ohmic  resistance  is  about  50  mV  at  5000  h.  This 
corresponds  to  the  voltage  loss  of  50  mV  from  the  initial  value 
(824  mV).  The  degradation  rate  is  calculated  to  be  about  6%/5000  h 
(1.2%/1000h). 


Fig.  4.  SIMS  depth  profiles  of  some  elements  at  interlayer/electrolyte  interface  (sam¬ 
ple:  interlayer/electrolyte,  operation  at  0.3  A  cm-2  for  5000  h). 

ent  operation  times.  From  left  to  right  hand  side,  the  bar  indicates 
the  concentration  of  each  element  operation  time  at  24  h,  3000  h, 
5000  h,  and  8000  h.  Thus,  we  can  identify  the  concentration  change 
trends  by  comparing  the  heights  of  these  bars.  Several  elements 
show  the  increase  of  concentrations  with  operation  time,  such  as 
Na,  Al,  Si,  and  Cr.  These  elements  can  be  supplied  from  air,  and  con¬ 
densed  on  the  cathode  surface  during  the  long-term  operation.  The 
source  of  these  elements  has  not  been  clarified  yet.  Flowever,  one 
of  the  sources  of  Na,  Al,  and  Si  can  be  thermal  insulating  materi¬ 
als,  which  covered  the  whole  stack  in  the  furnace.  The  impurity 
of  Cr  can  be  supplied  from  the  stainless  steel  pipe  or  pre-heater. 
Among  impurity  elements,  a  relatively  high  concentration  of  Si  was 
observed  at  cathode;  from  about  100  ppm  at  24  h  to  400  ppm  after 
8000  h. 

Fig.  6  shows  the  concentration  levels  of  several  kinds  of  impu¬ 
rities  observed  at  the  interlayer  surface  (the  analyzed  surface  was 
without  cathode  materials  where  the  interlayer  was  exposed  to  the 
air).  The  bars  are  the  same  configurations  in  Fig.  5.  Among  several 
kinds  of  impurities,  the  concentration  of  Si  increased  with  time, 
which  suggests  the  condensation  of  Si  or  reaction  products  for¬ 
mation  during  the  long-term  operation.  The  concentration  levels 
of  Si  change  from  165  ppm  (24  h)  to  about  910  ppm  (8000  h).  This 
increase  of  Si  concentration  seems  to  be  relatively  large  compared 


3.2.  Impurity  analysis  of  flatten  tube  cell 

To  clarify  the  effects  of  impurities  on  the  stack  performances, 
the  concentration  levels  of  several  elements  were  measured 
for  samples  of  different  operation  times  by  using  SIMS.  Fig.  4 
shows  example  of  SIMS  depth  profiles  of  positive  ions  around 
interlayer/electrolyte  interface  after  5000  h  operation  (primary 
ion:  02+).  The  Ce02-based  interlayer  is  identified  as  the  higher 
signal  counts  of  Ce+  and  some  other  elements.  In  the  YSZ  elec¬ 
trolyte  part,  the  higher  signal  counts  of  Zr+  is  identified.  From 
the  SIMS  signal  counts  at  the  interlayer,  several  kinds  of  minor 
elements  are  identified,  such  as  Si,  Sr,  Cr,  and  Al.  These  ele¬ 
ments  are  thought  to  be  impurities,  and  they  come  from  the 
thermal  insulating  materials,  gas  supply  tubes,  and  other  compo¬ 
nents. 

The  SIMS  signals  for  several  impurity  elements  were  converted 
to  the  concentration  by  using  the  relative  sensitive  factors  (the 
relationship  between  SIMS  secondary  ion  intensity  and  the  con¬ 
centration).  Fig.  5  shows  the  concentration  levels  of  several  kinds 
of  impurities  observed  at  cathode  surface.  The  bars  in  the  figure 
indicate  the  concentration  of  several  kinds  of  impurities  at  differ¬ 
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Fig.  5.  Concentration  of  several  kinds  of  impurity  elements  at  cathode  for  opera¬ 
tion  time  of  24  h,  3000  h,  5000  h,  and  8000  h  (operation  under  constant  current  of 
0.3  A  cm-2  at  750  °C). 
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Fig.  6.  Concentration  of  several  kinds  of  impurity  elements  at  interlayer  for  opera¬ 
tion  time  of  24  h,  3000  h,  5000  h,  and  8000  h  (operation  under  constant  current  of 
0.3  A  cm-2  at  750  °C). 


with  the  other  elements.  Thus,  the  concentration  of  Si  can  affect 
the  increase  of  resistance  at  the  interlayer. 

4.  Discussion 

4.1  Impurity  concentration  (Si)  and  increase  of  resistance  at  the 
interlayer 

The  increase  of  Si  concentration  in  the  interlayer  and  related 
increase  of  resistance  was  considered.  Since  the  interlayer  was  com¬ 
posed  of  Ce02-based  oxide,  the  effects  of  Si  on  the  conductivity 
of  Ce02  can  be  estimated  from  the  literature  data.  Fig.  7  shows 
summary  of  reported  data  of  Si02  concentration  and  resistance  of 
Gd-doped  Ce02  (GDC)  up  to  1500  ppm  [11,12].  We  can  assume  that 
the  parabolic  increase  of  resistance  as  a  function  of  Si02  concentra¬ 
tion:  R2  is  proportional  to  the  Si02  concentration.  This  phenomenon 
is  empirical  result.  One  possible  reason  for  the  parabolic  relation¬ 
ship  is  the  growth  of  insulating  Si02 -based  layer  growth.  If  the 
thickness  of  insulating  layer  is  proportional  to  the  concentration 
of  Si02,  a  parabolic  relationship  can  be  valid  between  Si02  concen¬ 
tration  and  resistance  at  the  interlayer.  In  the  future,  we  will  report 
exact  analysis  of  Si  impurity  effects.  The  Si02  concentrations  of  the 
Ce02 -based  interlayer  at  certain  operation  times  are  measured  by 
SIMS  impurity  analyses  (Fig.  6).  From  the  SIMS  impurity  analysis,  we 
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Fig.  7.  Relationship  between  Si02  concentration  and  resistance  of  doped  Ce02  (data 
comes  from  Refs.  [11,12]). 
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Fig.  8.  Relationship  between  operation  time  and  resistance  of  Ce02  interlayer. 


can  estimate  the  relationship  between  resistance  of  GDC  interlayer 
and  operation  time.  In  order  to  evaluate  the  resistance  for  long¬ 
term  operation  (for  more  than  10,000  h  operation),  the  logarithm 
of  resistance  ( R 2:  this  is  proportional  to  the  Si  concentration)  is 
plotted  as  a  function  of  the  logarithm  of  operation  time,  as  follows: 

\og{R2 )  =  A  x  log  t  +  B  (1) 

where  A  and  B  are  the  constants,  t  is  the  operation  time  of  the  stack. 
In  Fig.  8,  the  estimated  resistance  was  plotted  as  a  function  of  oper¬ 
ation  time.  The  circle  symbol  indicates  the  estimated  resistance 
based  on  the  observed  Si  concentration  and  operation  time,  and 
broken  line  indicates  the  fitting  of  the  measured  data.  From  the  fit¬ 
ting  line  of  this  graph,  the  estimated  resistance  of  GDC  layer  after 
40,000  h  operation  is  calculated  to  be  75  £2  cm  (31  ficm  at  24  h). 
Thus,  the  ohmic  resistance  increases  about  2.5  times  larger  than 
the  initial  values.  From  the  fitting  line  of  R2  versus  operation  time 
(Fig.  8),  the  following  equation  can  be  obtained:  R2  =Ax  t°32+B  (A 
and  B  are  the  constants).  This  indicates  the  lower  operation  time 
dependence  of  the  resistance.  So  far,  there  is  no  theoretical  expla¬ 
nation  on  the  relationship  between  R2  and  operation  time.  We  are 
now  examining  the  physical  meaning  of  this  dependence.  Since  the 
thickness  of  interlayer  is  very  thin  (less  than  5  p,m),  the  contribu¬ 
tion  to  the  increase  of  single  cell  resistance  is  not  so  significant.  This 
assumption  is  roughly  consistent  with  the  increase  of  ohmic  resis¬ 
tance  of  the  single  cell  measured  in  Fig.  3,  although  the  increase 
rate  by  Si  impurity  is  not  clear.  This  is  one  example  of  the  increase 
in  the  resistance  by  the  impurity  of  Si  at  the  interlayer.  To  under¬ 
stand  the  effects  of  impurities  on  the  degradation  in  stack,  we  have 
to  expand  this  method  to  the  other  kinds  of  impurity  elements  and 
other  component  parts.  In  the  near  future,  we  will  examine  the 
effects  of  impurity  concentrations  on  the  polarization  resistances 
at  the  cathode/electrolyte  interfaces. 

4.2.  Durability  and  reliability  of  flatten  tube  stacks 

In  the  first  durability  test  of  flatten  tube  stacks,  the  aver¬ 
age  degradation  rates  of  stack  voltage  were  1.5-1.6%/1000h  at 
0.3  A  cm-2  for  two  stacks.  A  linear  degrease  of  voltage  was  observed 
for  both  stacks.  Thus,  the  degradation  mechanisms  are  simi¬ 
lar  between  these  two  stacks.  When  estimating  the  voltage  loss 
of  stack,  the  increase  of  resistance  occurred  at  the  single  cell 
component  interfaces  as  well  as  the  connection  metal/single 
cell  interfaces.  Some  modifications  were  made  at  the  interlayer 
of  single  cells  and  cell  connection  at  metal/single  cell  inter¬ 
faces.  The  stack  degradation  was  reduced  to  be  0.9%/1000h  at 
0.3  A  cm-2  for  the  second  durability  test  (in  the  modified  stack). 
This  was  mainly  due  to  a  good  electrical  connection  at  the 
cathode/interlayer/electrolyte  interfaces  and  the  metal/single  cell 
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interfaces.  For  the  impurity  analysis  of  the  modified  cells,  we 
observed  somewhat  decrease  of  the  Si  concentration  at  the  inter¬ 
layer:  660  ppm  at  3000  h  for  1st  stack  and  560  ppm  at  4000  h 
for  the  modified  stack.  This  indicates  that  the  decrease  of  Si  con¬ 
centration  can  partly  improve  the  stack  performance.  However,  it 
has  not  been  clarified  the  exact  relationship  between  the  impu¬ 
rity  concentrations  and  the  increase  of  resistance  in  single  cells 
and  stacks.  To  fabricate  more  reliable  stack  for  the  long-term 
operation,  we  are  planning  to  improve  the  evaluation  method  for 
the  life  time  of  stack.  Accelerating  testing  for  evaluating  the  life 
time  of  stack  will  be  presented  to  evaluate  the  durability  of  the 
stacks. 

5.  Conclusion 

The  effect  of  impurities  on  the  degradation  was  investigated  for 
the  flatten  tube-type  SOFC  stack.  The  durability  test  of  20-cells  stack 
was  conducted  at  750  °C  with  dry  H2  under  a  constant  current  den¬ 
sity  of  0.3  A  cm-2  more  than  5000  h.  The  voltage  loss  showed  the 
linear  relationship  between  voltage  loss  rate  and  operation  time 
(about  1.5%/1000h).  The  ohmic  resistance  increased  with  opera¬ 
tion  while  the  polarization  resistance  showed  constant  values.  After 
the  long-term  operation  test,  the  concentration  levels  of  impurities 
were  measured  by  SIMS.  The  concentrations  of  several  elements 
were  successfully  determined  in  ppm  levels  at  cathode  and  inter¬ 
layer  surfaces.  The  concentrations  of  several  elements  increased 
with  operation  time  (Na,  Al,  Si,  and  Cr),  which  suggested  the  trans¬ 


ports  and  depositions  of  impurities  on  the  cell  components.  The 
increase  of  resistance  and  impurity  concentration  were  evaluated 
for  some  specific  elements  in  the  flatten  tube-type  SOFC  stack. 
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